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XBP1 mRNA Is Induced by ATF6 and Spliced
by IRE1 in Response to ER Stress to Produce
a Highly Active Transcription Factor
phorylation, the activated Ire1p specifically cleaves
HAC1 precursor mRNA to remove an intron of 252 nucle-
otides. The cleaved 5 and 3 halves of mature HAC1
mRNA are ligated by Rlg1p (tRNA ligase).
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type transcription factor Hac1p, which directly activatesJapan
transcription of UPR target genes. Hac1p is synthesized
only after Ire1p-mediated splicing occurs because the
HAC1 intron has a strong ability to block translation.Summary
Interestingly, splicing of HAC1 mRNA causes replace-
ment of the C-terminal tail region from 10 aa to 18 aa;In yeast, the transmembrane protein kinase/endoribo-
the HAC1 precursor and mature mRNA encode Hac1pnuclease Ire1p activated by endoplasmic reticulum
of 230 aa and 238 aa, respectively. This replacementstress cleaves HAC1 mRNA, leading to production of the
does not affect the stability of synthesized Hac1p. In-transcription factor Hac1p that activates the unfolded
stead, there is a marked difference in transcriptionalprotein response (UPR). In mammals, no Hac1p counter-
activator activity between Hac1p of 230 aa and 238 aapart has yet been discovered despite the presence of
as the tail of 18 aa but not 10 aa functions as a potentIre1p homologs in the endoplasmic reticulum. Instead,
activation domain. Thus, ER stress-induced removal ofthe transcription factor ATF6 specific to the mamma-
the HAC1 intron leads to not only translation of maturelian UPR is regulated by intramembrane proteolysis.
HAC1 mRNA but also joining of the DNA-binding domainHere, we identified the transcription factor XBP1, a
of Hac1p and its activation domain. This novel type oftarget of ATF6, as a mammalian substrate of such an
mRNA splicing system allows yeast cells to synthesizeunconventional mRNA splicing system and showed
the highly active transcription factor Hac1p only whenthat only the spliced form of XBP1 can activate the
they need to cope with unfolded proteins accumulatedUPR efficiently. Our results reveal features of the UPR
in the ER.conserved during evolution and clarify the relationship
One direction for the analysis of the mammalian UPRbetween IRE1- and ATF6-dependent pathways.
was to look for mammalian counterparts of the key mole-
cules in the yeast UPR. As a result, mammalian cellsIntroduction
were found to express two Ire1p homologs designated
as IRE1 and IRE1; both are type I transmembraneAccumulation of unfolded proteins in the endoplasmic
proteins in the ER with their cytoplasmic regions car-reticulum (ER) activates a transcriptional induction path-
rying protein kinase and endoribonuclease domainsway, termed the unfolded protein response (UPR), which
(Tirasophon et al., 1998; Wang et al., 1998; Niwa et al.,is thought to be conserved from yeast to man. Primary
1999; Iwawaki et al., 2001). Purified cytoplasmic regionstargets of the UPR are molecular chaperones and folding
of both IRE1 and IRE1 can cleave HAC1 precursorenzymes localized in the ER; induction of these proteins
mRNA at the same sites as yeast Ire1p (Tirasophon etaugments the capacity of the protein folding system,
al., 1998; Niwa et al., 1999). HAC1 precursor mRNA,leading to homeostasis of the ER. In addition, some of
when introduced by transfection, is spliced correctly inthe proteins involved in the ER-associated degradation
mammalian cells in response to ER stress (Niwa et al.,(ERAD) system to clear misfolded proteins from the ER
1999). Mutant forms of IRE1 or IRE1, such as those
are upregulated by the UPR. Accumulating evidence
containing the lumenal and transmembrane domains but
indicates that the UPR is of fundamental importance in
lacking the cytosolic effector domains (designated
the quality control of proteins in the ER, under not only IRE1-C or IRE1-C), show dominant-negative ef-
ER stress, but also normal growth conditions (reviewed fects on the UPR (Wang et al., 1998, 2000; Tirasophon
by Kaufman, 1999; Mori, 2000; Urano et al., 2000a; Patil et al., 2000). All of these results support the importance
and Walter, 2001). of Ire1p homologs in the mammalian UPR and also
A majority of the UPR signaling pathway in Saccharo- strongly suggest the presence of a Hac1p-like transcrip-
myces cerevisiae has been unraveled (Kaufman, 1999; tion factor(s) in mammalian cells, expression and/or ac-
Mori, 2000; Urano et al., 2000a; Patil and Walter, 2001 tivity of which are regulated by an unconventional mRNA
and references therein); the three gene products, Ire1p, splicing system. However, no such protein has yet been
Rlg1p, and Hac1p, play essential roles in the yeast UPR. discovered.
Ire1p has domain structures ideal to sense the presence Another direction for analysis of the mammalian UPR
of unfolded proteins and transduce the signal across was to identify the cis-acting element and trans-acting
the ER membrane. Ire1p is a type I transmembrane pro- factor responsible for the mammalian UPR. We, and
tein, the N-terminal half of which is located in the ER others, identified the cis-acting ER stress response ele-
lumen; the protein kinase and endoribonuclease do- ment (ERSE) necessary and sufficient for induction, the
mains are situated on the cytoplasmic side. As a result consensus of which is CCAAT-N9-CCACG (Yoshida et
of ER stress-induced oligomerization and autophos- al., 1998; Roy and Lee, 1999). As CCAAT of ERSE is a
binding site for the general transcription factor NF-Y
(Roy and Lee, 1999), CCACG of ERSE provides specific-1 Correspondence: kazumori@ip.media.kyoto-u.ac.jp
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ity to the mammalian UPR. We then isolated the bZIP blot in Figure 1C) in a manner dependent on the cis-
acting ERSE and trans-acting ATF6 (Yoshida et al.,proteins ATF6 and ATF6 as CCACG binding proteins.
2000). To examine the induction at the protein level,In contrast to our expectations, ATF6 and ATF6 are
we raised antibodies against two regions of XBP1 (seenot regulated at the level of mRNA splicing. Instead, they
schematic structures in Figure 2A). Using affinity-puri-are constitutively expressed as type II transmembrane
fied antibodies, we performed immunoblotting analysisproteins in the ER and activated by proteolysis; when
of HeLa cells treated with or without tunicamycin, whichcleaved in response to ER stress, the bZIP-containing
elicits ER stress by inhibiting protein N-glycosylationN-terminal halves of both ATF6 and ATF6 become
(Kaufman, 1999). A band was detected transiently aftersoluble transcription factors that are translocated into
tunicamycin treatment by both anti-XBP1-A (Figure 1A,the nucleus and activate transcription of UPR-target
lanes 3–12) and anti-XBP1-B (lanes 15–24) antibodies.genes via direct binding to the ERSE in collaboration
However, the detected band migrated at the position ofwith NF-Y (Haze et al., 1999, 2001; Yoshida et al., 2000,
50 kDa, much more slowly than the protein band of 302001). Hereafter, we describe ER membrane-bound pre-
kDa produced by in vitro translation of XBP1 mRNAcursor forms of ATF6 and ATF6 as pATF6(P) and
(lanes 1 and 13). It should be noted that neither anti-pATF6(P), respectively, and their soluble nuclear forms
XBP1-A nor anti-XBP1-B antibodies crossreacted withas pATF6(N) and pATF6(N), respectively. Transcrip-
ATF6 (lane 2 and 14) and therefore the detected bandtional activity of ERSE is well correlated with its ATF6
was different from pATF6(N), the active form of ATF6binding activity, and a mutant form of pATF6(N) or
with a molecular mass of 50 kDa. These results indicatedpATF6(N) can exhibit strong dominant-negative effects
that XBP1 is inducible by ER stress and also modifiedon the UPR (Wang et al., 2000; Yoshida et al., 2000;
in response to ER stress. We also noted that the appear-Haze et al., 2001), indicating ATF6 to be a crucial tran-
ance of the band detected with anti-XBP1 antibodiesscriptional regulator of the mammalian UPR. It was re-
was preceded by that of pATF6(N) (lanes 27–36).cently shown that ER stress-induced proteolysis of
We reexamined open reading frames (ORFs) in XBP1ATF6 is carried out by sequential action of the site 1
mRNA. As shown in Figure 1B, human and murine XBP1protease (S1P) and site 2 protease (S2P), enzymes
mRNA contain ORF1 encoding bZIP proteins of 261 andknown to cleave and activate another ER membrane
267 aa, respectively. In addition, both mRNA’s containbound transcription factor, sterol regulatory element
another ORF (ORF2), partially overlapping but not inbinding protein, in response to cholesterol depletion
frame with ORF1, encoding proteins of 222 aa in both(Ye et al., 2000). The failure to induce transcription of
cases. Interestingly, the aa sequences of not only ORF1GRP78/BiP in response to ER stress in cells defective
but also ORF2 are highly conserved between humanin S2P further supported the notion that proteolysis of
and mouse with identities of 75% and 89%, respectively,ATF6 is essential for the mammalian UPR.
suggesting the importance of both ORFs in the functionTwo signaling systems appear to be operating in the
of XBP1. We therefore examined the possibility thatmammalian UPR. However, there is as yet no evidence
XBP1 mRNA might be spliced in response to ER stressregarding whether proteolysis of ATF6 is directly regu-
because the aa segment encoded by ORF2 would neverlated by IRE1. Thus, coordination and interdependency
be expressed without such unconventional events.between IRE1-dependent (mRNA splicing) and ATF6-
We carried out RT-PCR using mRNA prepared fromdependent (proteolysis) systems remain unclear. We re-
HeLa cells that had been treated with or without thapsi-port here that the above two directions for the analysis
gargin, which evokes ER stress by inhibiting the ER Ca2of the mammalian UPR meet at the molecule XBP1;
ATPase (Kaufman, 1999). 5 and 3 primers were setXBP1 mRNA is induced by ATF6 and spliced by IRE1
at the positions 412 and 853 of human XBP1 mRNA,in response to ER stress, resulting in production of a
respectively, so that the amplified fragment would en-highly active transcription factor that can activate the
compass the overlapping region of ORF1 and ORF2 (see
mammalian UPR. XBP1 is a bZIP protein originally iden-
schematic structures in Figure 1C). RT-PCR analysis of
tified as a protein binding to the cis-acting X box present
mRNA from untreated cells produced a band of 442 bp
in the promoter regions of human major histocompatibil- as expected (Figure 1C, lane 1). In contrast, the same
ity complex class II genes (Liou et al., 1990), and also as analysis of mRNA from thapsigargin-treated cells pro-
a protein (TREB5) binding to the tax-responsive element duced the band of 442 bp plus a band that migrated
present in the long terminal repeat of human T cell leuke- slightly faster (lanes 2–4). Sequencing analysis revealed
mia virus type 1 (Yoshimura et al., 1990). Recent studies that the smaller band lacked internal 26 nucleotides (nt),
on XBP1 knockout mice revealed that the function of indicating that XBP1 mRNA is spliced in response to
XBP1 is essential for hepatocyte growth (Reimold et al., ER stress. The nucleotide region 531 to 556 is assigned
2000) as well as for plasma cell differentiation (Reimold to the intron (Figure 1D) as judged by the conserved
et al., 2001). We discuss here our results in connection features between yeast and mammalian splicing sys-
with phenotypes of XBP1 knockout mice. tems (see below). Unfortunately, the difference in length
between unspliced and spliced XBP1 mRNA was too
Results small to visualize the splicing event by Northern blot
hybridization analysis (Figure 1C). Nonetheless, the se-
XBP1 mRNA Is Spliced in Response to ER Stress quences corresponding to the spliced version of XBP1
We previously isolated XBP1 as an ERSE binding protein mRNA can be found in the expressed sequence tag
as well as ATF6 as an ERSE binding protein using yeast databases (Figure 1D), implying that splicing out of the
one-hybrid screening (Yoshida et al., 1998) and showed 26 nt from XBP1 mRNA observed in thapsigargin-treated
cells is not an experimental artifact, but rather repre-that XBP1 mRNA is induced by ER stress (see Northern
ER Stress-Induced Splicing of XBP1 mRNA
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Figure 1. XBP1 mRNA Is Spliced in Response to ER Stress
(A) Time course of induction of XBP1. HeLa cells were treated with 2 g/ml tunicamycin and lysates were analyzed by immunoblotting using anti-
XBP1-A (upper), anti-XBP1-B (middle), and anti-ATF6 (lower) antibodies. In vitro translation product of XBP1 mRNA as well as ATF6
(1–373) translated in vitro were run on the same gel for comparison. The migration positions of full-range rainbow molecular weight markers
(Amersham Pharmacia Biotech) are indicated. The asterisk denotes a nonspecific band.
(B) Schematic presentation of ORFs encoded by XBP1 mRNA. Locations of the two ORFs (ORF1 and ORF2) in human (upper) and murine (lower)
XBP1 mRNA are marked by closed boxes and the percent identities between them are shown on the right. Numbers above the respective mRNA
denote nucleotide positions with the transcription start site set at 1.
(C) Splicing of XBP1 mRNA upon ER stress. Left, schematic structures of RT-PCR products from unspliced and spliced XBP1 mRNA are shown.
Right, HeLa cells were treated with 300 nM thapsigargin and total RNA prepared was amplified by RT-PCR. Resulting products were subjected to
2% agarose gel electrophoresis (upper panel). The lengths of DNA size markers are shown on the left. Aliquots of total RNA were also analyzed
by Northern blot hybridization (lower panel).
(D) Nucleotide sequences of cDNA corresponding to unspliced and spliced XBP1 mRNA around the splicing sites. Spliced versions of XBP1 cDNA
can be found in the expressed sequence tag (EST) databases as indicated.
sents a regulatory mechanism important for the cellular anti-XBP1-A antibody (Figure 2B, lanes 3–12), but also
by anti-XBP1-C antibody (lanes 15–24) in HeLa cells thatresponse to ER stress.
had been treated with thapsigargin. Again, it should be
noted that the appearance of pXBP1(S) was precededSplicing of XBP1 mRNA Replaces the C-Terminal
Portion of XBP1 by that of pATF6(N) (lanes 25–34).
We further confirmed ER stress-induced mRNA splic-Splicing of XBP1 mRNA is predicted to cause removal
of the C-terminal 97 aa from ORF1 and addition of the ing by RNase protection assay. A radiolabeled RNA
probe complementary to the nucleotide region 437–820212 aa of ORF2 to the N-terminal 164 aa of ORF1 con-
taining the bZIP domain, as splicing out of the 26 nt of XBP1 RNA was hybridized with total RNA prepared
from unstressed or ER stressed HeLa cells and thenresults in a frame shift at aa165 (Figure 2A). Thus, un-
spliced and spliced XBP1 mRNA should encode pro- digested with RNase (yeast RNA was used as a control
for digestion). As shown schematically in Figure 2C, ateins of 261 and 376 aa, respectively (aa of ORF2 are
marked by asterisks to discriminate them from those of single band of 384 nt should be produced from unspliced
mRNA, whereas two bands of 264 and 94 nt should beORF1). Hereafter, unspliced and spliced forms of XBP1
are referred to pXBP1(U) and pXBP1(S), respectively. produced from spliced mRNA. Indeed, a band of 384 nt
was detected in unstressed cells (lanes 2 and 6) andTo detect pXBP1(S) specifically, we raised and purified
an antibody against a portion of ORF2 designated as bands of 264 and 94 nt appeared after treatment with
thapsigargin (lanes 3–5) or tunicamycin (lanes 7–9). In-anti-XBP1-C antibody (Figure 2A). Anti-XBP1-A (Figure
2B, lanes 1 and 2) and anti-XBP1-B (data not shown) duction of the two bands of 264 and 94 nt was more
rapid in thapsigargin-treated cells than in tunicamycin-antibodies recognized both pXBP1(U) and pXBP1(S)
translated in vitro as expected, whereas anti-XBP1-C treated cells because thapsigargin can inhibit ER Ca2-
ATPase immediately after addition, whereas inhibitionantibody recognized only pXBP1(S) (lanes 13 and 14).
The band detected transiently in tunicamycin-treated of protein N-glycosylation by tunicamycin requires
depletion of preexisting intermediates for oligosaccha-cells by both anti-XBP1-A (Figure 1A, lanes 3–12) and
anti-XBP1-B (lanes 15–24) antibodies also reacted with ride biosynthesis. This difference was reflected by the
difference in the time course of detection of pXBP1(S);anti-XBP1-C antibody (data not shown). Similarly, a
band migrating at the same position as in vitro-trans- the level of pXBP1(S) peaked at 4 hr and 6 hr after
treatment with thapsigargin (Figure 2B) and tunicamycinlated pXBP1(S) was transiently detected not only by
Cell
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Figure 2. The C-Terminal Region of XBP1 Is
Replaced by Splicing
(A) Schematic representation of the unspliced
and spliced forms of XBP1 (pXBP1(U) and
pXBP1(S), respectively). Numbers indicate
amino acid positions with the initiation methio-
nine set at 1. Numbers with asterisks imply
that these aa are encoded by ORF2. Basic and
leucine zipper (ZIP) domains, as well as the
three regions used to raise specific antibodies
are indicated.
(B) Direct evidence for C-terminal replacement
of XBP1 induced by ER stress. HeLa cells were
treated with 300 nM thapsigargin and lysates
were analyzed by immunoblotting using anti-
XBP1-A (upper), anti-XBP1-C (middle), and
anti-ATF6 (lower) antibodies together with in
vitro-translated pXBP1(U) and pXBP1(S). The
bands with asterisks are nonspecific.
(C) RNase protection assay. Upper panel, the
probe used and protected fragments expected
after RNase digestion are presented schemati-
cally. Lower panel, radiolabeled RNA probe
was hybridized with yeast RNA or total RNA
prepared from HeLa cells that had been treated
with or without 300 nM thapsigargin or 2 g/
ml tunicamycin, digested with RNase, and sub-
jected to 5% polyacrylamide-8 M urea gel elec-
trophoresis. The lengths of DNA size markers
are shown on the left.
(Figure 1A), respectively. These results unambiguously ment (compare lanes 4 and 5 with lanes 9 and 10). These
results indicated that both forms of XBP1 are degradeddemonstrated that splicing of XBP1 mRNA is induced
in response to ER stress. by the proteasome, although we cannot formally ex-
clude the possibility that they are degraded by a non-
proteasome pathway affected by MG132 pretreatment.The C-Terminal Replacement Does
Based on the results shown in Figures 3A and 3B, weNot Affect Protein Stability
currently concluded that unspliced XBP1 mRNA consti-The results shown above indicated that only pXBP1(S)
tutively expressed at a low level (see Northern blot incan be detected in cell lysates. To determine the reason
Figure 1C, lane 1) is translated but that its product isfor the inability to detect pXBP1(U) in lysates of both
rapidly degraded by the proteasome, preventing its de-unstressed and ER-stressed cells, we transfected HeLa
tection by immunoblotting in the absence of proteasomecells with a plasmid to overexpress unspliced or spliced
inhibitors. On the other hand, the spliced form of XBP1XBP1 mRNA and analyzed lysates by immunoblotting.
can be detected by immunoblotting even in the absenceAs a result, both pXBP1(U) and pXBP1(S) were detected
of proteasome inhibitors because large amounts areat the expected migration positions (see Figure 4Ac),
produced; XBP1 mRNA is markedly induced in responseimplying that not only spliced but also unspliced XBP1
to ER stress (see Figure 1C, lanes 2–4).mRNA are translatable in vivo, at least when overex-
pressed. We then determined the stability of XBP1 in
vivo. Pulse-chase labeling followed by immunoprecipi- Spliced Form of XBP1 Has Higher
Transcriptional Activator Activitytation analysis of HeLa cells transfected simultaneously
with two XBP1 expression plasmids revealed that both We next determined whether XBP1 can bind to ERSE
and whether splicing mediated C-terminal replacementforms of XBP1 disappeared with similar (1 hr) half-lives
(Figure 3A). Thus, there was essentially no difference in affects the binding activity using electrophoretic mobil-
ity shift assay (EMSA). In addition to pXBP1(U) andstability between pXBP1(U) and pXBP1(S).
We next examined the possible involvement of the pXBP1(S), the N-terminal 133 aa region containing the
bZIP domain (see Figure 2A) was translated in vitro. Asproteasome-mediated degradation system in differen-
tial detection of pXBP1(U) and pXBP1(S). When HeLa shown in Figure 3C, none of these three forms of XBP1
bound to 32P-labeled ERSE by themselves (lanes 2–4),cells were pretreated with MG132, a proteasome inhibi-
tor, and then treated with thapsigargin, a band migrating whereas NF-Y bound to it, giving rise to complex I (lane
1). Importantly, when incubated in the presence of NF-Y,at the same position as pXBP1(U) was detected in ly-
sates of unstressed cells, and its amounts remained all three forms of XBP1 bound to 32P-ERSE, resulting in
formation of a new protein DNA complex designated asconstant until 4 hr after thapsigargin treatment (Figure
3B, lanes 6–9). pXBP1(S) detected from 4 hr after thapsi- complex II (lanes 5–7) as in the case of ATF6(1–373)
(lane 8). The complex II formed when pXBP1(S) wasgargin treatment was also stabilized by MG132 pretreat-
ER Stress-Induced Splicing of XBP1 mRNA
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Figure 3. Properties of Unspliced and Spliced Forms of XBP1
(A) Stability of pXBP1(U) and pXBP1(S). HeLa cells transfected with pcDNA-XBP1(unspliced) and pcDNA-XBP1(spliced) simultaneously were pulse-
labeled with 35S-methionine and 35S-cysteine, and then chased. pXBP1(U) and pXBP1(S) immunoprecipitated using anti-XBP1-A antibody were
subjected to SDS-PAGE. Radioactivities of each band were determined and data are plotted on the right as relative abundance (arbitrary units)
versus chase time.
(B) Effects of pretreatment with MG132 on the levels of pXBP1(U) and pXBP1(S). HeLa cells were pretreated with () or without () 10 M MG132
for 2 hr and then treated with 300 nM thapsigargin (Tg) without removing MG132. Lysates were analyzed by immunoblotting using anti-XBP1-A
antibody together with in vitro-translated pXBP1(U) and pXBP1(S).
(C) Binding of pXBP1(U) and pXBP1(S) to ERSE. 32P-labeled ERSE-CC containing CCAAT-N9-CCACG was incubated with various forms of XBP1
or ATF6(1–373) translated in vitro in the presence () or absence () of recombinant NF-Y trimer. Protein-DNA complexes formed were separated
from free DNA probe by electrophoresis on a nondenaturing gel.
(D) Supershift experiments. A mixture of in vitro-translated pXBP1(S) and recombinant NF-Y trimer was treated with () or without () various
antisera prior to incubation with 32P-labeled ERSE-CC.
(E) Competition experiments. The binding of in vitro-translated pXBP1(S) and recombinant NF-Y trimer to 32P-labeled ERSE-CC was competed by
a 100-fold molar excess of various unlabeled ERSE oligonucleotides. CM, MC, and MM contain CCAAT-N9-gatgt, gacta-N9-CCACG, and gacta-
N9-gatgt, respectively.
incubated with [32P]-ERSE in the presence of NF-Y (Fig- ATF6(1–373) (7-fold, lane 14) but to a much lesser ex-
tent in cells overproducing pXBP1(U) (2-fold, lane 12)ure 3D, lane 2) was supershifted by both anti-NF-Y (lane
4) and anti-XBP1-A (lane 5) antibodies but not by preim- as compared after normalization of the GAPDH signals
with vector control (lane 11). The difference in transacti-mune serum (lane 3). This complex formation (Figure 3E,
lane 2) was completely competed by a 100-fold molar vation potential between pXBP1(U) and pXBP1(S) would
be even greater when corrected for the 3-fold differenceexcess of ERSE-CC (lane 3) and ERSE-CM (lane 4), to
which NF-Y can bind, but not by ERSE-MC (lane 5) or in their expression levels (see Figure 4Ac, lanes 8 and 9).
Thus, XBP1 becomes a potent transcriptional activator ofERSE-MM (lane 6), to which NF-Y cannot bind. Essen-
tially identical results were obtained with pXBP1(U) in the UPR after ER stress-induced splicing of its mRNA.
To clarify the reason for the differences in transcriptionalsupershift and competition experiments (data not
shown). Thus, both forms of XBP1 can modulate cellular activator activity between pXBP1(U) and pXBP1(S), we
characterized the activation domains present in XBP1UPR activity via direct binding to the ERSE.
We next examined the effects of overproduction of by fusing its subregions to an unrelated DNA-binding
protein, the DNA-binding domain of yeast Gal4ppXBP1(U) and pXBP1(S) on the expression of the re-
porter gene carrying the human GRP78 promoter imme- (GAL4BD). As shown in Figure 4B, neither N-terminal
185 aa (line 2) nor C-terminal region (aa 176–261, line 3)diately upstream of the firefly luciferase gene. Immu-
noblotting analysis confirmed expression of both forms of pXBP1(U) fused to GAL4BD activated transcription
of the reporter gene carrying five GAL4BD binding sitesof XBP1 in transfected cells (Figure 4Ac, lanes 8 and 9).
Tunicamycin treatment of HeLa cells transfected with upstream of the firefly luciferase gene. In contrast, the
C-terminal region of pXBP1(S) (aa167*–376*) fused tovector alone enhanced the reporter expression by ap-
proximately 16-fold as expected (Figure 4Ab, line 1), GAL4BD enhanced the reporter expression markedly
(line 4), and the effects were comparable with those ofwhereas overproduction of pXBP1(U) had little effect on
reporter expression (line 2). In marked contrast, overpro- the N-terminal 291 aa of ATF6 fused to GAL4BD (line 5).
The difference in transactivator activity was significantduction of pXBP1(S) constitutively enhanced the re-
porter expression (line 3) similarly to ATF6(1–373), a even after the reporter expression was corrected by the
levels of fusion proteins detected in transfected cellsnuclear and active form of ATF6 (line 4). Transactivation
of the reporter gene by pXBP1(S) was completely depen- by immunoblotting using anti-GAL4BD antibody. Thus,
ER stress-induced splicing of XBP1 mRNA joins thedent on the ERSE sequences present in the GRP78 pro-
moter (data not shown). Northern blotting analysis (Fig- DNA-binding domain present in ORF1 with the potent
activation domain present in ORF2, leading to efficienture 4Ad) showed that the level of endogenous GRP78
mRNA was indeed constitutively elevated in cells over- activation of the UPR, as in the case of HAC1 mRNA
splicing (Mori et al., 2000).producing pXBP1(S) (5-fold, lane 13) as in the case of
Cell
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Figure 4. The Spliced Form of XBP1 Has Higher Transcriptional Activity
(A) Effects of overexpression of pXBP1(U) and pXBP1(S) on the UPR. (a) Schematic structures of pXBP1(U) and pXBP1(S). (b) Reporter assay. HeLa
cells were transfected with pcDNA-XBP1(unspliced), pcDNA-XBP1(spliced), or pcDNA-ATF6(1–373) together with the reporter plasmid pGL3-
GRP78P(132)-luc. The relative luciferase activity in transfected cells incubated for 12 hr in the presence (solid boxes) or absence (open boxes)
of 2 g/ml tunicamycin was determined, and averages from four independent experiments are presented with standard deviations (error bars). (c)
Levels of pXBP1(U) and pXBP1(S). Lysates of transfected HeLa cells were analyzed by immunoblotting using anti-XBP1-A antibody. (d) Levels of
GRP78 and GAPDH mRNA. Total RNA was prepared from transfected HeLa cells and analyzed by Northern blot hybridization.
(B) Characterization of the transactivation domain of XBP1. (a) Schematic structures of plasmids analyzed. (b) Reporter assay. HeLa cells were
transfected with each of the plasmids shown in (a) together with the reporter plasmid pG5luc. The relative luciferase activity constitutively expressed
in transfected cells was determined and presented as in (A) on the left. The averages of the relative activities are also presented on the right after
correction by the level of each full-length fusion protein detected in transfected cells. (c) Levels of fusion proteins. Lysates of HeLa cells transfected
with each of the plasmids shown in (a) were analyzed by immunoblotting using anti-GAL4BD antibody. The bands with asterisks denote the full-
length fusion protein in each case.
IRE1 Is Involved in Splicing of XBP1 mRNA tively, and the nucleotides at 1 and 4 are preferably
C (Gonzalez et al., 1999). We therefore carried out muta-Close examination of the nucleotide sequence of XBP1
mRNA indicated that both 5 and 3 splice sites can tional analysis of the splice sites of XBP1 mRNA to
determine whether IRE is directly involved in the cleav-form characteristic stem-loop structures very similar to
those formed at the 5 and 3 splice sites of yeast HAC1 age reaction. We created 5 point mutants each at the
5 and 3 splice sites of XBP1 mRNA and introducedmRNA (Kawahara et al., 1998; Gonzalez et al., 1999) as
shown in Figure 5A (nucleotides at the 5 side or 3 side them into HeLa cells together with or without IRE1. As
shown in Figure 5B, all of the 10 point mutants producedof the cleavage site in HAC1 mRNA are given negative or
positive numbers, respectively). Furthermore, the three pXBP1(U) in the absence of coexpressed IRE1 as ex-
pected. When cotransfected with IRE1, the point mu-nucleotides in the loop of seven nucleotides known to
be crucial for yeast Ire1p-mediated cleavage of HAC1 tants at positions 2 of the 5 and 3 splice sites fully
produced pXBP1(S) (lanes 8 and 22), whereas the pointmRNA (boxed nucleotides at 3, 1, and 3 in Figure
5A) are conserved in XBP1 mRNA, suggesting that ER mutants at positions 3, 1, and 3 failed to do so
(lanes 6, 10, 14, 20, 24, and 28). The point mutation atstress-induced splicing of XBP1 mRNA is initiated by
the mammalian homolog of yeast Ire1p. Therefore, we position 1 greatly diminished the amount of pXBP1(S)
produced (lanes 12 and 26). Thus, the nucleotide speci-examined the effects of cooverexpression of IRE1 and
unspliced XBP1 mRNA. Consistent with the results ficity for the cleavage of XBP1 mRNA closely resembled
that for Ire1p-mediated cleavage of HAC1 mRNA. Theseshown in Figure 4A, overexpression of unspliced XBP1
mRNA produced pXBP1(U) (Figure 5B, lane 3). Overex- results strongly supported the notion that ER stress-
induced splicing of XBP1 mRNA is initiated by IRE1.pression of unspliced XBP1 mRNA together with IRE1
converted essentially all of pXBP1(U) to pXBP1(S) (lane
4), resulting in constitutive activation of the human Induction of XBP1 mRNA Is Required for
Production of the Spliced Form of XBP1GRP78 promoter luciferase fusion reporter gene (Figure
5C). Thus, activation of IRE1 by its overexpression The results described above demonstrated that an un-
conventional XBP1 mRNA splicing system operates inleads to splicing of XBP1 mRNA.
In the case of yeast Ire1p-mediated splicing of HAC1 mammalian cells to activate the UPR in addition to the
previously defined ATF6 proteolytic processing systemmRNA, the nucleotide specificity required for the cleav-
age reaction was well defined around both splice sites; under conditions of ER stress. To gain insight into coop-
erativity and interdependency between the two systems,positions 2 and 2 in the respective loop can be any
of the four nucleotides, whereas the nucleotides at we further characterized the IRE1-dependent splicing
system by cotransfection experiments. Consistent withpositions 3, 1, and 3 must be C, G, and G, respec-
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regardless of the presence or absence of thapsigargin
(lanes 8 and 9). Thus, the amount of XBP1 mRNA ap-
peared to be the rate-limiting factor in production of
pXBP1(S); pXBP1(S) produced at a low level must be
degraded by the proteasome rapidly. This notion was
further supported by the following experiments shown in
Figure 6B. Overexpression of IRE1-encoding plasmid
(fixed amount) together with increasing amounts of plas-
mid to express unspliced XBP1 mRNA resulted in in-
creasing amounts of pXBP1(S) detected in transfected
cells. We concluded that the level of XBP1 mRNA must
be increased (by the ATF6 system, see Discussion) prior
to the IRE1-mediated splicing reaction to overcome
degradation and to produce significant amounts of the
spliced form of XBP1.
IRE1-Dependent Signaling Is Important
for the UPR
To determine the relative contribution of the IRE1-depen-
dent system, we compared the effects of dominant-nega-
tive mutants of IRE1 and ATF6 on the UPR. Overexpres-
sion of IRE1-C together with unspliced XBP1 mRNA
not only failed to convert pXBP1(U) to pXBP1(S) (Figure
6A, lane 10) but also blocked thapsigargin-induced pro-
duction of pXBP1(S) (lane 11), indicating that IRE1-C
indeed exhibited a strong dominant-negative effect on
the endogenous mRNA splicing system. We then mea-
sured the activity of the GRP78 promoter luciferase fu-
sion reporter gene in cells transfected with IRE1-C or
Figure 5. Human IRE1 Is Involved in Splicing of XBP1 mRNA
ATF6(171–373), a dominant-negative mutant of ATF6
(A) Secondary structures of the splice sites of human XBP1 and yeast (Yoshida et al., 2000). Inhibition of thapsigargin-inducedHAC1 mRNA. The cleavage sites in HAC1 mRNA are indicated by
activation of reporter expression by ATF6(171–373)arrows and six nucleotides indispensable for the cleavage reaction
was complete (Figure 6C, upper panel), because itare boxed.
(B) Effects of overexpression of IRE1 on splicing of XBP1 mRNA. blocked transactivation by all endogenous transcrip-
HeLa cells were transfected with pcDNA-XBP1(unspliced) together tion factors by preoccupying the cis-acting ERSE;
with () or without () pcDNA-IRE1. Lysates were prepared 24 hr ATF6(171–373) contains DNA-binding and dimerization
after transfection and analyzed by immunoblotting using anti-XBP1-A domains but lacks its activation domain. On the otherantibody together with in vitro-translated pXBP1(U) and pXBP1(S).
hand, inhibition of the reporter expression by IRE1-CVarious point mutations were introduced into the 5 (upper panel) and
was partial, and the part of transactivation inhibitable3 (lower panel) splice sites and resulting mutant XBP1 expression
plasmids were analyzed similarly. by IRE1-C is supposed to represent the contribution
(C) Effects of cooverexpression of IRE1 and unspliced XBP1 mRNA of the IRE1-dependent system. The titration curve ob-
on the UPR. HeLa cells were transfected in combination with pcDNA tained by transfection with various amounts of plasmids
(vector), pcDNA-XBP1(unspliced), or pcDNA-IRE1 together with the expressing dominant-negative mutants (Figure 6D, up-reporter plasmid pGL3-GRP78P(132)-luc. The relative luciferase ac-
per panel) implied that the majority of transactivation oftivities in transfected cells incubated for 12 hr in the presence (solid
the GRP78 promoter was achieved by the IRE1-depen-boxes) or absence (open boxes) of 300 nM thapsigargin were deter-
mined and presented as in Figure 4A. dent mechanism.
Binding site selection experiments conducted for the
bZIP domain of ATF6 identified a partially palindromic
sequence (TGACGTGG/A), designated as the ATF6 site,the results shown in Figure 2, pXBP1(S) was detected
in a thapsigargin-inducible manner in cells transfected which is responsive to ER stress (Wang et al., 2000).
The ATF6 site inserted upstream of the c-fos minimalwith vector alone (Figure 6A, lanes 2 and 3). Importantly,
overexpression of IRE1 alone neither produced promoter luciferase fusion gene indeed responded to
thapsigargin treatment by enhancing luciferase expres-pXBP1(S) in unstressed cells (lane 6) nor affected induc-
tion of pXBP1(S) by thapsigargin (lane 7) as compared sion by more than 4-fold (Figure 6C, lower panel). Inter-
estingly, this enhancement was blocked completely bywith vector control (lanes 2 and 3), indicating that activa-
tion of IRE1 by its overexpression is not sufficient to both IRE1-C and ATF6(171–373) (Figures 6C and
6D, lower panels). These observations indicated that theproduce pXBP1(S). On the other hand, significantly
larger amounts of pXBP1(S) were detected after thapsi- ATF6 site-mediated transcriptional induction is com-
pletely dependent on the IRE1-mediated splicing sys-gargin treatment in cells overexpressing unspliced
XBP1 mRNA as compared to those in thapsigargin- tem and also suggested that XBP1 but not ATF6 binds
to the ATF6 site. We therefore compared binding activi-treated control cells (compare lane 3 with lane 5). Over-
expression of IRE1 together with unspliced XBP1 ties of XBP1 and ATF6 to the ATF6 site. As shown in
Figure 6E, XBP1 bound not only to the ERSE in themRNA converted pXBP1(U) to pXBP1(S) quite efficiently
Cell
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Figure 6. IRE1-Dependent Signaling Is Important for the UPR
(A) Characterization of the IRE1-dependent splicing system. HeLa cells were transfected in combination with pcDNA (vector), pcDNA-XBP1(un-
spliced), pcDNA-IRE1, or pcDNA-IRE1-C. Lysates of transfected cells incubated for 6 hr with () or without () 300 nM thapsigargin were
analyzed by immunoblotting using anti-XBP1-A antibody together with in vitro-translated pXBP1(U).
(B) Dependence of XBP1 production on the dose of XBP1 mRNA. HeLa cells were transfected with 5 g of pcDNA-IRE1 and increasing
amounts (a series of 2-fold dilutions) of pcDNA-XBP1(unspliced) or treated for 6 hr with () or without () 300 nM thapsigargin. Lysates were
analyzed by immunoblotting using anti-XBP1-A antibody.
(C) Effects of dominant-negative mutants of IRE1 and ATF6 on ERSE- and ATF6 site-mediated transcription. HeLa cells were transfected
with 0.2 g of pcDNA (vector), pcDNA-IRE1-C, or pcDNA-ATF6(171–373) together with the reporter plasmid pGL3-GRP78P(132)-luc
(upper panel) or p5xATF6GL3 (lower panel). The relative luciferase activities in transfected cells incubated for 12 hr in the presence (solid
boxes) or absence (open boxes) of 300 nM thapsigargin were determined and presented as in Figure 4A.
(D) Dose dependence of dominant-negative effects of IRE1-C and ATF6(171–373) on ERSE- and ATF6 site-mediated transcription. HeLa
cells were transfected with various amounts of pcDNA-IRE1-C (open circles) or pcDNA-ATF6(171–373) (closed circles) together with pGL3-
GRP78P(132)-luc (upper panel) or p5xATF6GL3 (lower panel). The relative luciferase activities in transfected cells incubated for 12 hr in the
presence or absence of 300 nM thapsigargin were determined. The fold induction was plotted against the dose of each plasmid transfected.
(E) Binding of ATF6 and XBP1 to the ATF6 site. 32P-labeled ERSE-CC, ATF6 site, or ATF6 site mutant was incubated with ATF6(1–373) or
pXBP1(S) translated in vitro in the presence () or absence () of recombinant NF-Y trimer. Protein-DNA complexes formed were separated
as in Figure 3C. Supershift experiments were carried out as in Figure 3D.
presence of NF-Y (lane 2) but also to the ATF6 site by main (“frame switch”). Only spliced forms of Hac1p and
XBP1 are detected in ER-stressed cells, but protein sta-itself (lane 4), giving rise to formation of a protein-DNA
complex (marked by the arrowhead) supershiftable by bility is not affected by the C-terminal replacement. Both
unspliced and spliced forms of Hac1p and XBP1 bindanti-XBP1 antibody (lane 7) but not by preimmune serum
(lane 5) or anti-ATF6 antibody (lane 6). Introduction of to the respective cis-acting element but the spliced form
has higher transcriptional activator activity than the un-mutations into the ATF6 site abolished binding of XBP1
(lane 9). In marked contrast, ATF6 failed to bind to the spliced form. The only exception is translation of un-
spliced mRNA. Unspliced HAC1 mRNA expressed rela-ATF6 site (lane 3), although the same preparation bound
efficiently to the ERSE in the presence of NF-Y (lane 1), tively abundantly in unstressed yeast cells is not
translated because the HAC1 intron consisting of 252indicating that ATF6 has a much lower affinity to the
ATF6 site. Thus, the IRE1-XBP1 system can exert nucleotides undergoes base pairing with the HAC1 5
untranslated region that prevents readthrough by ribo-broader effects on transcription than the ATF6 system
when activated in response to ER stress. somes (Ruegsegger et al., 2001). In contrast, unspliced
XBP1 mRNA expressed at a low level in unstressed
mammalian cells is translated; the XBP1 intron consistsDiscussion
of only 26 nucleotides, which is too short to form such
a translation inhibitory structure.The Ire1p-mediated HAC1 mRNA splicing system plays
a central role in regulating the cellular UPR activity in Coexpression experiments and mutational analysis of
the splice sites indicated that IRE1 is involved in thebudding yeast. We identified here a long awaited mam-
malian substrate of such an unconventional event, XBP1 cleavage of XBP1 mRNA. We further demonstrated that
IRE1-mediated splicing is important for the UPR by char-mRNA. Although XBP1 is similar to Hac1p only in that
both are bZIP proteins, the data presented here clearly acterizing the dominant-negative effect of IRE1-C.
IRE1 and XBP1 knockout mice have been produced andshowed that nearly all features of the yeast splicing
system are conserved in mammals. Splicing replaces characterized, revealing that both IRE1 and XBP1 are
essential. IRE1/ embryos die of unknown causesthe C-terminal portions of Hac1p and XBP1 without af-
fecting the N-terminal regions containing the bZIP do- between days 9.5 and 11.5 of gestation (Urano et al.,
ER Stress-Induced Splicing of XBP1 mRNA
889
2000b), whereas lethality of XBP1/ embryos begins
at day 12.5 (Reimold et al., 2000). This is consistent with
our notion that IRE1 functions upstream of XBP1 and
is also suggestive of the presence of other splicing tar-
gets of IRE1. XBP1 knockout mice suffer from severe
liver hypoplasia and anemia. Although liver hypoplasia
may be explained by the decreased expression of XBP1-
specific target genes important for hepatocyte growth
(Reimold et al., 2000), such hypoplasia may be corre-
lated with the defects in maximal activation of the UPR
in XBP1/ hepatocytes because these cells are the
major sources of synthesis and secretion of various se-
rum proteins such as albumin, protease inhibitors, and
plasma lipoproteins; augmentation of the folding capac-
ity in the ER must be important for the quality control
of these secretory proteins produced in large amounts Figure 7. Model for the Mammalian UPR
as well as homeostasis of the ER. Consistent with this
idea, the XBP1/ fetal liver was shown to exhibit mark-
edly elevated numbers of apoptotic hepatocytes (Reim- are involved in induction of ER chaperone genes in mam-
old et al., 2000). malian cells in contrast to yeast cells in which only one
The recent finding that XBP1 is required for plasma transcription factor (Hac1p) is involved. Obviously, the
cell differentiation is particularly intriguing (Reimold et active form of ATF6 is produced faster than that of XBP1
al., 2001). By utilizing the recombination-activating in ER-stressed cells because the former is derived from
gene-2 complementation system, the authors suc- preexisting precursor protein, whereas the latter must
ceeded in obtaining adult chimeric mice, lymphocytes be newly translated from mRNA that is transcriptionally
of which were deficient in XBP1. Extensive studies have induced and then spliced. On the other hand, XBP1 can
shown that numbers and phenotypes of XBP1-deficient function in a more sustained fashion than ATF6 because,
B and T lymphocytes were comparable with those of once produced, the spliced form of XBP1 can keep
wild-type lymphocytes and that XBP1-deficient B or T activating transcription by autoregulating its own tran-
lymphocytes were activated normally when stimulated scription as far as IRE1 is activated. In contrast, ATF6
in vitro. However, activated B lymphocytes failed to dif- mRNA is not upregulated during ER stress (Yoshida et
ferentiate into plasma cells, which are terminally differ- al., 1998). Therefore, it is tempting to speculate that
entiated cells that contain enormously well developed by gaining the two transcriptional induction systems,
ER structures specialized in synthesis and secretion mammalian cells have become capable of coping with
of immunoglobulins. We thus speculated that IRE1- ER stress more effectively regardless of the amounts of
mediated splicing reaction is activated during formation
unfolded proteins accumulated. Low levels of ER stress
of highly extended ER structures and that the resulting
may be dealt with only by proteolytic activation of ATF6,
enhancement of the cellular UPR activity by the spliced
medium to high levels of ER stress may be handled
form of XBP1 is indispensable for the maintenance of
by activating both ATF6 and IRE1-XBP1 systems, anda high capacity to secrete antibodies.
extremely high levels of ER stress may be overcome byIt is important to note that XBP1 mRNA must be in-
multiple rounds of activation of the XBP1 cycle. Theduced to a significant level to produce the spliced form
phenotype of XBP1-defective lymphocytes can be ex-of XBP1 at levels sufficient for detection and transactiva-
plained by this scenario; activated B cells require hightion. The results of the present and our previous studies
UPR activity for prolonged times to differentiate intoindicated that induction of XBP1 mRNA is initiated by
antibody-secreting plasma cells and such differentiationATF6. Detection of the spliced form of XBP1 in cells
would not occur without multiple rounds of transactiva-treated with ER stress inducers was preceded by pro-
tion by XBP1. Alternatively, mammalian cells may haveduction of the active and nuclear form of ATF6 (see
obtained a fail-safe mechanism by utilizing two tran-Figures 1A and 2B), which can activate transcription of
scription factors as maximal activation of the UPR isthe XBP1 gene in an ERSE-dependent manner (Yoshida
achieved only when both systems are activated.et al., 2000). Thus, as summarized in Figure 7, we con-
We also showed here that ATF6 prefers NF-Y-depen-cluded that both ATF6 and XBP1 contribute significantly
dent binding to a half site (CCACG) in the ERSE to bind-to the UPR. ATF6 initiates induction of ER chaperone
ing to the palindromic ATF6 site (TGACGTGG/A) by itself,and XBP1 genes via direct binding to the ERSE in re-
whereas XBP1 binds to both ERSE and the ATF6 site. Wesponse to ER stress. The spliced form of XBP1 produced
thus propose renaming the ATF6 site as the mammalianfrom induced XBP1 mRNA by the action of activated
unfolded protein response element (UPRE) after yeastIRE1 enhances transcription of ER chaperone genes
UPRE based on the observation that both mammalianfurther via direct binding to the ERSE. This model ex-
and yeast UPREs contain a palindromic sequence thatplains why induction of ER chaperone genes is defective
provides a binding site for a transcription factor regu-in Chinese hamster ovary cells lacking the site 2 prote-
lated by an evolutionarily conserved mRNA splicing sys-ase (Ye et al., 2000); activation of ATF6 by proteolysis
tem. The marked differences in DNA-binding propertiesis absolutely required for initiation of the UPR.
between ATF6 and XBP1 indicated that activation ofAn immediate and important question raised by this
study is why two transcription factors (ATF6 and XBP1) XBP1 allows induction of proteins that cannot be in-
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(Yoshida et al., 2000). Aliquots of 20 g of total RNA were treatedduced by activation of ATF6. Such proteins may be, for
with M-MLV reverse transcriptase (Invitrogen) and then amplifiedexample, enzymes for synthesis of lipids; expansion of
with Ex-Taq polymerase (Takara) using a pair of primers correspond-the ER would require not only ER chaperones but also
ing to nucleotides 412–431 (CCTTGTAGTTGAGAACCAGG) and 834–
membrane components. It is also intriguing whether 853 (GGGGCTTGGTATATATGTGG) of XBP1 cDNA. A specific RNA
XBP1 can induce components of ERAD through mam- probe was synthesized from pBIND carrying the nucleotide region
437–820 of XBP1 cDNA between the BamHI-SalI sites using MAXI-malian UPRE because this implies that the cell can make
script in vitro transcription kit (Ambion) and [-32P]-CTP (222 TBq/a time-dependent decision on the fate of unfolded pro-
mmol, DuPont) after digestion with BamHI. Aliquots of 5 g of totalteins accumulated in the ER by supplying proteins for
RNA were hybridized with radiolabeled RNA probe and then di-refolding first and proteins for degradation later into the
gested with RNase A and RNase T1 using RPA III ribonuclease
stressed ER. In conclusion, we propose that mammalian protection assay kit (Ambion).
cells have gained versatility by developing IRE1-depen-
dent and -independent signaling pathways for activating EMSA
EMSA was performed and materials used were prepared as describedthe UPR.
(Yoshida et al., 2000). The sequences of the synthetic oligonucleotide
probes ERSE-CC, ATF6 site, and mutant ATF6 site are GAGGGCCTTCExperimental Procedures
ACCAATCGGCGGCCTCCACGACGGGGCTGG, GTCGAGACAGGT
GCTGACGTGGCGATTCCCC, and GGTCGAGACAGGTGCTGAAGGGCell Culture, Transfection, and Luciferase Assay
GCGATTCCCC, respectively (underlined sequences match the con-HeLa cells were grown in Dulbecco’s modified Eagle’s medium sup-
sensus of ERSE or ATF6 site).plemented with 10% fetal calf serum, 2 mM glutamine, 100 unit/ml
penicillin, and 100 g/ml streptomycin. Cells were maintained at
Acknowledgments37C in a 5% CO2 incubator. Transfection was carried out by the
standard calcium phosphate method as described (Yoshida et al.,
We thank Drs. Randal Kaufman, Kazunori Imaizumi, and Ron Prywes1998). Luciferase assay was performed according to our published
for providing plasmids. This work was supported in part by Researchprocedures (Yoshida et al., 2000). Relative luciferase activity was
for the Future Program of the Japan Society for the Promotion ofdefined as the ratio of firefly luciferase activity to Renilla luciferase
Science. H.Y. was supported by a grant from Yamada Science Foun-activity.
dation.
Construction of Plasmids
Received August 28, 2001; revised November 26, 2001.Recombinant DNA techniques were performed according to stan-
dard procedures (Sambrook et al., 1989). Nearly full-length human
ReferencesXBP1 cDNA was obtained by yeast one-hybrid screening (Yoshida
et al., 1998). A portion of the 5 region missing in the cDNA was
Gonzalez, T.N., Sidrauski, C., Dorfler, S., and Walter, P. (1999). Mecha-isolated by the rapid amplification of cDNA ends method using HeLa
nism of nonspliceosomal mRNA splicing in the unfolded protein re-cell RNA and 5-RACE System (Invitrogen), and ligated with the rest
sponse pathway. EMBO J. 18, 3119–3132.of XBP1 cDNA in the plasmid vector pSP72 (Promega). Thus, the
entire XBP1 cDNA obtained was inserted into pcDNA3.1() (In- Haze, K., Yoshida, H., Yanagi, H., Yura, T., and Mori, K. (1999). Mamma-
vitrogen) to create pcDNA-XBP1(unspliced). The nucleotide region lian transcription factor ATF6 is synthesized as a transmembrane pro-
412–1009 was amplified from spliced XBP1 mRNA by PCR, and tein and activated by proteolysis in response to endoplasmic reticulum
digested with Eco47III and EcoRV. The resulting fragment was used stress. Mol. Biol. Cell 10, 3787–3799.
to replace the corresponding fragment of XBP1 cDNA in pSP72. Haze, K., Okada, T., Yoshida, H., Yanagi, H., Yura, T., Negishi, M., and
The spliced version of full-length XBP1 cDNA was then inserted into Mori, K. (2001). Identification of the G13 (cAMP-response-element-
pcDNA3.1() to create pcDNA-XBP1(spliced). Various subregions binding protein-related protein) gene product related to activating tran-
of unspliced and spliced forms of XBP1 were amplified by PCR and scription factor 6 as a transcriptional activator of the mammalian un-
inserted into appropriate restriction enzyme sites of pcDNA3.1() folded protein response. Biochem. J. 355, 19–28.
or pBIND (Promega). The cDNA encoding human IRE1 was kindly
Iwawaki, T., Hosoda, A., Okuda, T., Kamigori, Y., Nomura-Furuwatari,provided by Randal Kaufman (University of Michigan Medical Cen-
C., Kimata, Y., Tsuru, A., and Kohno, K. (2001). Translational controlter) and inserted into pcDNA3.1() to create pcDNA-IRE1, pcDNA-
by the ER transmembrane kinase/ribonuclease IRE1 under ER stress.IRE1-C, and p5xATF6GL3 were kind gifts from Kazunori Imaizumi
Nat. Cell Biol. 3, 158–164.(Nara Institute of Science and Technology) and Ron Prywes (Colum-
Kaufman, R.J. (1999). Stress signaling from the lumen of the endoplas-bia University), respectively. A series of point mutants of XBP1 were
mic reticulum: coordination of gene transcriptional and translationalmade using a QuikChange site-directed mutagenesis kit (Stra-
controls. Genes Dev. 13, 1211–1233.tagene).
Kawahara, T., Yanagi, H., Yura, T., and Mori, K. (1998). Unconventional
splicing of HAC1/ERN4 mRNA required for the unfolded protein re-Immunoblotting and Pulse-Chase Analysis
sponse: sequence specific and non sequential cleavage of the spliceAnti-XBP1-A, B, and C antisera were raised against the aa regions
sites. J. Biol. Chem. 273, 1802–1807.1–74, 93–185, and 167*–275*, respectively, of XBP1 fused with gluta-
thione S-transferase, which had been expressed and purified from Liou, H.C., Boothby, M.R., Finn, P.W., Davidon, R., Nabavi, N., Zeleznik-
E. coli cells, and were purified by affinity chromatography. Immu- Le, N.J., Ting, J.P., and Glimcher, L.H. (1990). A new member of the
noblotting was carried out as described (Haze et al., 2001) using an leucine zipper class of proteins that binds to the HLA DR promoter.
enhanced chemiluminescence Western blotting detection system Science 247, 1581–1584.
kit (Amersham Pharmacia Biotech). Chemiluminescence was visual- Mori, K. (2000). Tripartite management of unfolded proteins in the
ized using an LAS-1000plus LuminoImage analyzer (Fuji film). Pulse- endoplasmic reticulum. Cell 101, 451–454.
chase analysis of HeLa cells and subsequent immunoprecipitation
Mori, K., Ogawa, N., Kawahara, T., Yanagi, H., and Yura, T. (2000).were performed as described (Haze et al., 1999). Radioactive bands
mRNA splicing-mediated C-terminal replacement of transcription fac-were analyzed using an FLA-3000G FluoroImage analyzer (Fuji film).
tor Hac1p is required for efficient activation of the unfolded protein
response. Proc. Natl. Acad. Sci. USA 97, 4660–4665.
Northern Blot Hybridization, RT-PCR,
Niwa, M., Sidrauski, C., Kaufman, R.J., and Walter, P. (1999). A roleand RNase Protection Analyses
for presenilin-1 in nuclear accumulation of Ire1 fragments and inductionTotal RNA was extracted from HeLa cells by the guanidine phenol
of the mammalian unfolded protein response. Cell 99, 691–702.method using ISOGEN (Nippon Gene). Aliquots of 10 g of total
RNA were analyzed by Northern blot hybridization as described Patil, C., and Walter, P. (2001). Intracellular signaling from the endoplas-
ER Stress-Induced Splicing of XBP1 mRNA
891
mic reticulum to the nucleus: the unfolded protein response in yeast
and mammals. Curr. Opin. Cell Biol. 13, 349–356.
Reimold, A.M., Etkin, A., Clauss, I., Perkins, A., Friend, D.S., Zhang, J.,
Horton, H.F., Scott, A., Orkin, S.H., Byrne, M.C., et al. (2000). An essen-
tial role in liver development for transcription factor XBP-1. Genes Dev.
14, 152–157.
Reimold, A.M., Iwakoshi, N.N., Manis, J., Vallabhajosyula, P., Szomo-
lanyi-Tsuda, E., Gravallese, E.M., Friend, D., Grusby, M.J., Alt, F., and
Glimcher, L.H. (2001). Plasma cell differentiation requires the transcrip-
tion factor XBP-1. Nature 412, 300–307.
Roy, B., and Lee, A.S. (1999). The mammalian endoplasmic reticulum
stress response element consists of an evolutionarily conserved tripar-
tite structure and interacts with a novel stress inducible complex.
Nucleic Acids Res. 27, 1437–1443.
Ruegsegger, U., Leber, J.H., and Walter, P. (2001). Block of HAC1
mRNA translation by long range base pairing is released by cyto-
plasmic splicing upon induction of the unfolded protein response. Cell
107, 103–114.
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Cloning:
A Laboratory Manual, Second Edition (Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press).
Tirasophon, W., Welihinda, A.A., and Kaufman, R.J. (1998). A stress
response pathway from the endoplasmic reticulum to the nucleus
requires a novel bifunctional protein kinase/endoribonuclease (Ire1p)
in mammalian cells. Genes Dev. 12, 1812–1824.
Tirasophon, W., Lee, K., Callaghan, B., Welihinda, A., and Kaufman,
R.J. (2000). The endoribonuclease activity of mammalian IRE1 auto-
regulates its mRNA and is required for the unfolded protein response.
Genes Dev. 14, 2725–2736.
Urano, F., Bertolotti, A., and Ron, D. (2000a). IRE1 and efferent signaling
from the endoplasmic reticulum. J. Cell Sci. 21, 3697–3702.
Urano, F., Wang, X., Bertolotti, A., Zhang, Y., Chung, P., Harding, H.P.,
and Ron, D. (2000b). Coupling of stress in the ER to activation of JNK
protein kinases by transmembrane protein kinase IRE1. Science 287,
664–666.
Wang, X.-Z., Harding, H.P., Zhang, Y., Jolicoeur, E.M., Kuroda, M., and
Ron, D. (1998). Cloning of mammalian Ire1 reveals diversity in the ER
stress responses. EMBO J. 17, 5708–5717.
Wang, Y., Shen, J., Arenzana, N., Tirasophon, W., Kaufman, R.J., and
Prywes, R. (2000). Activation of ATF6 and an ATF6 DNA-binding site
by the endoplasmic reticulum stress response. J. Biol. Chem. 275,
27013–27020.
Ye, J., Rawson, R.B., Komuro, R., Chen, X., Dave, U.P., Prywes, R.,
Brown, M.S., and Goldstein, J.L. (2000). ER stress induces cleavage of
membrane-bound ATF6 by the same proteases that process SREBPs.
Mol. Cell 6, 1355–1364.
Yoshimura, T., Fujisawa, J., and Yoshida, M. (1990). Multiple cDNA
clones encoding nuclear proteins that bind to the tax-dependent en-
hancer of HTLV-1: all contain a leucine zipper structure and basic
amino acid domain. EMBO J. 9, 2537–2542.
Yoshida, H., Haze, K., Yanagi, H., Yura, T., and Mori, K. (1998). Identifi-
cation of the cis-acting endoplasmic reticulum stress response ele-
ment responsible for transcriptional induction of mammalian glucose-
regulated proteins; involvement of basic-leucine zipper transcription
factors. J. Biol. Chem. 273, 33741–33749.
Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., and Mori, K.
(2000). ATF6 activated by proteolysis directly binds in the presence of
NF-Y (CBF) to the cis-acting element responsible for the mammalian
unfolded protein response. Mol. Cell. Biol. 20, 6755–6767.
Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., Negishi, M., and
Mori, K. (2001). Endoplasmic reticulum stress-induced formation of
transcription factor complex ERSF including NF-Y (CBF) and activating
transcription factors 6 and 6 that activates the mammalian unfolded
protein response. Mol. Cell. Biol. 21, 1239–1248.
